ABSTRACT: Fullerenes and their derivatives are of tremendous technological relevance. Synthetic access and application are still hampered by tedious purification protocols, peculiar solubility, and limited control over regioselective derivatization. We present a modular self-assembly system based on a new low-molecular-weight binding motif, appended by two palladium(II)-coordinating units of different steric demands, to either
4+ bowl (with L 1 = pyridyl, L 2 = quinolinyl donors). The former was used as a selective induced-fit receptor for C 60 . The latter, owing to its more open structure, also allows binding of C 70 and fullerene derivatives. By exposing only a fraction of the bound guests' surface, the bowl acts as fullerene protecting group to control functionalization, as demonstrated by exclusive monoaddition of anthracene. In a hierarchical manner, sterically low-demanding dicarboxylates were found to bridge pairs of bowls into pill-shaped dimers, able to host two fullerenes. The hosts allow transferring bound fullerenes into a variety of organic solvents, extending the scope of possible derivatization and processing methodologies.
■ INTRODUCTION
As stable carbon allotropes, fullerenes feature curved, fully π-conjugated surfaces with unique electronic properties that render them highly versatile for application in functional materials. 1 Established techniques for the separation of industrial fullerene mixtures are based on sublimation, crystallization, extraction, and chromatographic protocols. 2 The scope of solution processing methods, e.g., for controlled derivatization, preparation of composite materials, surface deposition, and device fabrication, is still limited due to the small choice of suitable aromatic and halogenated solvents.
Within the field of supramolecular chemistry, large efforts have been devoted to the construction of fullerene receptors aimed at facilitating selective purification and derivatization methods. 3 In this regard, covalent organic tweezers and macrocycles based on extended aromatic panels, such as calixarenes, porphyrins and extended tetrathiafulvalenes, fully conjugated belts, as well as curved architectures such as triptycenes, have been intensively studied. 4 As most of these host compounds are the result of lengthy syntheses, selfassembled fullerene binders composed of much simpler building blocks have moved into focus, recently. Among those, metal-mediated rings and cages are notably versatile, owing to their modular composition and tunable cavity. Common to most previously reported metal-mediated fullerene receptors 3b is their rather high molecular weight, as a result of maximizing the offered π-surface area. We were therefore interested in designing a new metallo-supramolecular receptor based on the well-studied [Pd 2 L 4 ] 4+ coordination cage motif, 9 that is (1) of lower molecular weight than existing hosts, (2) straightforward to synthesize and derivatize, and (3) capable of discriminating different fullerenes and dissolving them in a range of organic solvents. On the basis of computeraided modeling, we further aimed at finding a perfect structural match between a curved binding motif, the connective metal complex, and the spherical C 60 fullerene. Our design is based on a curved dibenzo-2.2.2-bicyclo-octane backbone reminiscent of triptycene 10 but lacking the third benzene ring that is not in touch with the fullerene guest ( Figure 1a and Figure  S117 ).
We introduced phthalimide-based joints to pyridines, that coordinate to Pd(II) cations, thereby bringing all four ligands into perfect relative distances to be able to encapsulate C 60 fullerene. Indeed, the as-planned host performed excellently as a fullerene host, and initial concerns that a receptor containing eight phthalimide units would become too electron-deficient to bind C 60 did not materialize. In addition, ligand derivatization with sterically more demanding quinoline donors yielded an unprecedented [Pd 2 L use it as a fullerene-protecting group in cycloaddition reactions with anthracene. The bowl's sterically congested coordination environment allows clean conversion into a heteroleptic assembly 11 via hierarchical reaction with bridging carboxylates, 8c,12 thus yielding a pill-shaped dimer, capable of binding two fullerenes. 13 All findings are supported by NMR and mass spectrometric results as well as single crystal X-ray structures of one ligand, both empty hosts, and three different host−guest complexes, achieved with a combination of cryogenic crystal handling, the use of highly brilliant synchrotron radiation, 14 and advanced macromolecular refinement protocols.
■ RESULTS AND DISCUSSION
Ligand Synthesis, Cage Assembly, Fullerene Binding. Backbone dianhydride, depicted in Figure 1a , was prepared in four steps starting from 4-bromo-1,2-dimethylbenzene and 2,5-hexanedione according to a reported procedure. 15 (Figure 1b and c) , mass spectrometry ( Figure S8) , and a single crystal X-ray structure (Figure 4a Figure S114 ; vs 547 Å 3 van-der-Waals volume of C 60 , 646 Å 3 of C 70 ) 16 for the tailor-made cavity. Upon absorbing C 60 inside the cage, the 1 H NMR signal of inward-pointing proton H b undergoes an upfield-shift of 1.54 ppm, along with a color change of the solution from colorless to purple (Figure 1c ). Further indication of C 60 binding was observed in the UV−vis and high-resolution ESI mass spectra ( Figure S12 and S104). 4+ with the C 60 guest disordered over two positions, but featuring slightly different Pd−Pd distances (14.66, 14.61, and 14 .55 Å, respectively) due to a certain degree of backbone flexibility and crystal packing effects (see Figure 4b and S108). The average distance from the ligand benzene ring centroids to the center of C 60 is 6.72 Å (3.56−3.88 Å to the six/five membered rings of C 60 , see Table  S8 ), verifying that the precisely designed concave inner surface can serve as fullerene receptor through strong π−π interactions. Similar distances were reported for C 60 receptors based on other aromatic systems. 17 The average distance from pyridine hydrogen H b to the C 60 centroid is 6.11 Å (2.76−3.29 Å to the six/five membered rings of C 60 , see Table S8 ), further indicating significant contribution from CH−π interactions. Colorless, block-shaped crystals could be grown when tetrahydrofuran ( 4+ it turns out that fullerene binding leads to an averaged Pd−Pd distance shortening of 1.3 Å. This goes along with a twist of all four ligands in a helical manner around the encapsulated C 60 . As a result, the dihedral angle between two pyridine arms of the same ligand is 62.3°( Figure S108 ), whereas the corresponding dihedral angle in the free cage [Pd 2 L 
]
4+ is only 1.0°. Hence, uptake of C 60 leads to a conformational change of the cage geometry indicating an induced-fit structural adaptation to perfectly accommodate C 60 within the cavity.
3c,18
Self-Assembly of Bowls and Guest Uptake. The initial aim of synthesizing quinoline-modified ligand L 2 , featuring a larger N−N distance than found in L Figure S19 and S22). Previous work on Pd-mediated assembly with banana-shaped bis-monodentate pyridyl ligands never reported such bowl species (however, few reports exist for sterically more demanding ligand systems). 19 Closer inspection of the steric situation around the metal coordination sites suggested that the quinolines' hydrogen atoms (H c (Figure 4d ), indicating the fine energetic balance between these two species.
Owing 4+ displayed enhanced absorption in the longer wavelength region with one band around λ max = 383 and a broad band around 473 nm ( Figure S105) . Interestingly, the herein observed spectral features of fullerenes bound to a rather electron-deficient host differ significantly from Yosizawa's recent report on binding the same fullerenes to electron-rich anthracene-based hosts in the same solvent. 5b In the 1 H NMR spectra of the host−guest complexes, protons H b , H b′ , H c , and H c′ , located inward from the coordination sites, show distinct shifts upon binding of the fullerenes within the bowl (Figure 2b ). ESI mass spectrometry unambiguously supported the formation of the 1:1 host−guest complexes, while partial substitution of the acetonitrile ligands by trace amounts of anions was observed (Figure 2c) 2+ . Likewise, the fullerene carrying complexes could be converted into chloride-coordinated species, thus giving rise to very clean NMR and mass spectral results ( Figure S42 and S45) In this bowl structure, the average distance from the ligand benzene ring centroids to the center of C 60 is 6.79 Å (3.67− 3.93 Å to the six/five membered rings of C 60 , see Table S14 ), and the average distance from quinoline H b hydrogens to the C 60 centroid is 6.39 Å (2.92−3.53 Å to the six/five membered rings of C 60 , Table S14 ), which are all slightly longer than the corresponding distances in [C 60 @Pd 2 L (featuring chloride instead of acetonitrile ligands) to a Diels− Alder reaction with anthracene. The same reaction had been studied before within a cubic coordination cage and a metal− organic-framework, both leading to formation of the bisadduct. 3a,20 With pure C 60 , this reaction requires the use of problematic solvents such as benzene, chlorinated aromatics or CS 2 and is known to deliver mixtures of mono-, di-, or even triadducts. 21 Our system, on the other hand, allows the smooth conversion into the anthracene monoadduct (90% yield) when a MeCN solution of [C 60 @Pd 2 L ) ( Figure S99 and Table S1 ). 2+ ion (Figure 3b and 3c (Figure 4f) , thereby delivering the first X-ray crystallographic report of the C 60 -anthracene monoadduct structure, which is a light-and oxygen-sensitive compound in solution. The structure reveals that no second anthracene molecule would be able to add to the encapsulated guest for steric reasons. Interestingly, unlike the disordered C 60 guests in the other structures, substituted fullerene C 60 Ac could be refined without geometrical restraints and did not require modeling of a second conformer. The fused substituent is not positioned in the middle of the window of the bowl structure, but rather tilted to one side (presumably for maximizing a stabilizing CH−O contact measuring 2.2 Å between one of the guest's bridgehead protons and a ligand oxygen). Since no signal splitting is observed in the 1 H NMR spectrum of the host−guest complex that would point to such a fixed, unsymmetrical conformation existing in solution, we expect the system to show a dynamic behavior comparable to a balland-socket joint.
Dimerization 12 we succeeded in substituting both of the bowl's acetonitriles with carboxylate anions. Most interestingly, this allowed us to cleanly dimerize two bowls into pill-shaped assemblies using two terephthalate bridges (BDC, Figure 5 ). Dimerization could be shown for the empty bowl and its C 60 as well as C 70 complexes, as unambiguously demonstrated by NMR, UV−vis spectra, and ESI MS results. 4+ as an example, the NOE NMR spectrum 
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Article reveals a contact between signals H c of the flanking quinolines (but not H c′ of the central one) and the terephthalate proton H A , in accordance with the relatively short distance between these atoms observed in the PM6-optimized structure ( Figure  5d and Figure S60 ). Furthermore, the increase in size from monomeric bowl to the pill-shaped dimer was confirmed by DOSY experiments, giving diffusion coefficients of 5.20 × 10 −10 m 2 s −1 for the monomer ( Figure S27 ) and 4.08 × 10 −10 m 2 s −1 for the dimer ( Figure S62 ). Comparison of UV−vis spectra of empty and fullerene-filled dimers shows very similar absorption bands compared to the monomeric bowl system, further confirming the binding of fullerenes within the inner cavities ( Figure S106 ). The high-resolution ESI mass spectrum of the dimer revealed prominent signals at m/z 1488. 
■ CONCLUSIONS
On the basis of a rational design approach, we synthesized new self-assembled, low-weight fullerene receptors that allow the solution handling and facile crystallization of fullerenes as well as their adducts. 4+ bowl geometry. This bowl not only was found to display a wider guest encapsulation scope (including C 70 ), but also is capable of serving as a supramolecular protecting group, allowing selective monofunctionalization of its fullerene guest. We further show that these bowls, both with and without bound fullerenes, can be cleanly dimerized by exchanging the acetonitrile ligands for terephthalate bridges, giving large, pill-shaped architectures of heteroleptic nature. The herein introduced receptors have the potential to serve as new tools for handling fullerenes and their derivatives in a wider range of organic solvents, and further allow their selective uptake and regioselective modification. Applications related to advanced fullerene derivatization, purification, structure elucidation, and device fabrication are sought to benefit from our findings. 2+ . Solvent molecules, anions, guest disorder and outside of cage and bowl structures are omitted for clarity (Pd II , orange; C, gray; N, blue; O, red; Cl, yellow; H, white; C 60 and C 60 Ac, purple). 
